The Ras family of small GTPases constitutes a central node in the transmission of mitogenic stimuli to the cell cycle machinery. The ultimate receptor of these mitogenic signals is the retinoblastoma (Rb) family of pocket proteins, whose inactivation is a required step to license cell proliferation. However, little is known regarding the molecular events that connect Ras signaling with the cell cycle. Here, we provide genetic evidence to illustrate that the p53/ p21 Cdk-interacting protein 1 (Cip1)/Rb axis is an essential component of the Ras signaling pathway. Indeed, knockdown of p53, p21Cip1, or Rb restores proliferative properties in cells arrested by ablation of the three Ras loci, H-, N-and K-Ras. Ras signaling selectively inactivates p53-mediated induction of p21Cip1 expression by inhibiting acetylation of specific lysine residues in the p53 DNA binding domain. Proliferation of cells lacking both Ras proteins and p53 can be prevented by reexpression of the human p53 ortholog, provided that it retains an active DNA binding domain and an intact lysine residue at position 164. These results unveil a previously unidentified role for p53 in preventing cell proliferation under unfavorable mitogenic conditions. Moreover, we provide evidence that cells lacking Ras and p53 proteins owe their proliferative properties to the unexpected retroactivation of the Raf/Mek/Erk cascade by a Ras-independent mechanism.
T he RAS genes have been extensively studied due to their key role in mediating mitogenic signaling as well as their high prevalence in human cancers, including those cancers with poor survival rates, such as lung adenocarcinoma, colorectal carcinoma, and pancreatic ductal adenocarcinoma (1, 2) . However, the mechanisms by which Ras proteins mediate mitogenic signaling in either normal or tumor cells remain obscure, especially beyond activation of the Raf/Mek/Erk cascade. Recent genetic studies have underscored the relevance of Ras proteins in cellular homeostasis by demonstrating that cells lacking the three Ras loci, H-Ras, N-Ras, and K-Ras (Rasless cells), are completely unable to proliferate (3, 4) . Indeed, systemic ablation of these loci in adult mice causes rapid deterioration of multiple tissues, leading to their death in a few days.
GTP-loaded Ras proteins promote activation of various downstream signal transduction pathways, mainly the Raf/Mek/Erk kinase cascade, the PI3K/Akt route, and the Ral guanine dissociation stimulator (RalGDS) pathway (1) . Activation of other pathways, such as those pathways driven by the Rac family of small G proteins and phospholipase C, has also been illustrated (1) . However, genetic interrogation of the pathways essential for cell proliferation has illustrated that only constitutive activation of the Raf, Mek, or Erk kinase can bypass the requirement for Ras proteins to sustain cell division, at least in vitro (3, 4) . Indeed, constitutive activation of the PI3K/Akt and RalGDS pathways was incapable of inducing cell proliferation in the absence of Ras proteins. In agreement with these observations, the Mek and Erk kinases have also been shown to be essential for cell proliferation in cultured fibroblasts as well as in adult mice (5-7). These results, taken together, demonstrate that the Raf/Mek/Erk cascade is the key downstream pathway responsible for conveying Ras mitogenic signals to the cell cycle machinery.
The ultimate receptor of these mitogenic signals is the retinoblastoma (Rb) family of pocket proteins. Indeed, inactivation of Rb restores the proliferative properties of Rasless cells (3) . These studies provided genetic support to earlier observations demonstrating that the G1 arrest observed after inhibition of Ras activity by injection of neutralizing antibodies was disrupted in Rb-deficient fibroblasts (8, 9) . However, the molecular events responsible for linking Erk phosphorylation and Rb inactivation remain mostly unknown.
In the present study, we demonstrate that the p53/p21 Cdkinteracting protein 1 (Cip1) axis is an essential component of the Ras signaling pathway. Ras signaling inactivates p53-mediated induction of p21Cip1 by a mechanism involving acetylation of specific lysine residues, thus suggesting that p53 plays a previously unidentified role in maintaining cellular homeostasis by preventing unscheduled proliferation under unfavorable mitogenic conditions. Moreover, we have uncovered an unsuspected reverse link between p53 and the Raf/Mek/Erk cascade by demonstrating that in the absence of this tumor suppressor, cells bypass their
Significance
In spite of the large number of biochemical studies contributing to the analysis of Ras-mediated cell cycle regulation, we do not know how Ras signaling controls the cell cycle. Here, we used an unbiased genetic approach to unveil essential components of Ras-mediated proliferation. Our results reveal that Ras signaling induces cell proliferation by a mechanism that requires inactivation of the p53/p21 Cdk-interacting protein 1 (Cip1) axis by preventing acetylation of specific p53 lysine residues. More importantly, loss of p53 or p21Cip1 can sustain cell proliferation in the absence of Ras proteins via Ras-independent activation of the Raf/Mek/Erk cascade. These results may have important implications for tumor growth and treatment, because activation of Ras oncogenes and inactivation of p53 are frequent events in human cancer. requirement for Ras proteins by activating Raf/Mek/Erk signaling in a Ras-independent manner.
Results
Identification of p21Cip1 as an Essential Mediator of Cell Cycle Arrest in the Absence of Ras Proteins. To gain insights into the regulation of cell proliferation by Ras proteins beyond the Raf/Mek/Erk cascade and to identify key elements that connect Ras signaling with the cell cycle machinery, we submitted mouse embryonic fibroblasts (MEFs) lacking all of the Ras proteins (Rasless cells) to an unbiased shRNA library "barcode" screen (10, 11) (Fig. S1A) . To this end, we used immortal MEFs lacking functional H-Ras and N-Ras alleles that contained conditional K-Ras lox alleles along with a knocked-in inducible CreERT2 recombinase (K-Raslox cells) (3) . These cells arrest in the G1 phase of the cell cycle upon exposure to 4-hydroxytamoxifen (4OHT) due to ablation of the K-Ras lox alleles (Fig. 1A) . K-Raslox cells were transfected with the shRNA library and scored for cells capable of proliferating in the absence of Ras proteins (10, 11) (Fig. S1A) .
In two independent screens, we identified a single shRNA (shp21-A) directed against Cdkn1a, the locus encoding the cell cycle inhibitor, p21Cip. Reintroduction of shp21-A as well as a second, more efficient hairpin (shp21-B) allowed Rasless cells to proliferate normally (Fig. 1B) . Characterization of Rasless cells revealed increased p21Cip1 mRNA and protein expression, which inversely correlated with the rate of DNA synthesis and the levels of K-Ras expression ( Fig. 1 C-F) . No changes in the expression of the related Cdk inhibitor p27Kip1 were found ( Fig.  1E and Fig. S1B ). Although we also observed increased mRNA expression of p15INK4b, p16INK4a, and p19Arf in Rasless cells (Fig. S1B) , shRNA-mediated knockdown of these cell cycle inhibitors, either alone or in combination, did not allow Rasless cells to proliferate, thus suggesting that p21Cip1 plays a unique role in inhibiting cell cycle progression in the absence of Ras signaling.
p53 Knockdown Licenses Cells to Proliferate in the Absence of Ras Mitogenic Signaling. One of the best-characterized regulators of p21Cip1 is the tumor suppressor protein p53 (12) . Indeed, we detected elevated binding of p53 to the Cdkn1a promoter in Rasless cells (Fig. S2A) . Hence, we knocked down p53 in proliferating K-Raslox cells with two independent shRNAs to ascertain its potential role in Ras signaling. As illustrated in Fig.  2A , exposure of these p53 shRNA-expressing cells to 4OHT did not prevent proliferation in standard colony-formation assays despite complete ablation of K-Ras protein expression. Next, we interrogated whether knockdown of p53 expression could even restore proliferation of quiescent Rasless cells stably blocked at the G1 phase of the cell cycle. Rasless cells infected with control lentiviruses remained arrested at the G1 phase, as indicated by fluorescent ubiquitination-based cell cycle indicator (FUCCI) imaging (Fig. 2B) . In contrast, knockdown of p53 in quiescent Rasless cells resulted in efficient S-phase entry 72 h after infection ( Fig. 2 B and C) . Once shp53-A-expressing Rasless cells entered S phase, they continuously proliferated at a normal rate despite lacking all Ras proteins ( Fig. 2C and Fig. S2 B and C). These observations illustrate that p53 is essential to block cell proliferation in the absence of Ras-mediated mitogenic signaling. Comparative analysis of p53 mRNA and protein levels in proliferating K-Raslox vs. quiescent Rasless cells did not reveal overt changes, except for a transient accumulation of total, as well as S18-phosphorylated, p53 ( Fig. 2D and Fig. S3A ). Although low p53 levels were sufficient for cell cycle arrest in Rasless cells, p53 still responded to DNA damage by protein stabilization as well as increased levels of S18-phosphorylation and K379-acetylation (Fig. S3B) . Accumulating evidence suggests that activation of target genes by p53 depends on the type and severity of the stress (13) . To gain insights into the mode by which p53 induces cell cycle arrest in Rasless cells, we selected 50 representative target genes implicated in p53-dependent processes, such as cell cycle arrest, senescence, apoptosis, metabolism, tumor suppression, or negative regulation (14, 15) , and we analyzed their expression in quiescent Rasless cells in comparison to proliferating K-Raslox cells. Quantitative real-time (qRT) PCR revealed that 26 of these genes were significantly up-regulated in Rasless cells ( Fig. 3 A and B) . Surprisingly, the p53 response observed in Rasless cells was strikingly similar to the response observed when proliferating cells were exposed to low-glucose conditions (Fig.  3C ). Similar responses were obtained when cells were exposed to low serum or to Mek inhibitors ( Fig. 3C and Fig. S4 A and B) .
Target genes induced after doxorubicin treatment or in senescent cells displayed more distant clusters (Fig. 3C) . Finally, we examined whether induction of p53 target genes involved in cell cycle arrest, such as Cdkn1a, Gdf15, and Gadd45a, was reversible in Rasless cells as well as in cells submitted to those stress conditions that provided a similar response, including serum deprivation or growth under low glucose. As illustrated in 
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Rasless cells (Hsp53) in Rasless cells resulted in reestablishment of cell cycle arrest, as demonstrated by the inability of these cells to form colonies (Fig. 4B) . In contrast, expression of Hsp53-R248W, a mutant known to lack transactivating activity (17), did not inhibit colony formation. Hsp53-6P-NT (N-terminal region), a mutant that lacks six phosphorylation sites within its amino-terminal domain, also inhibited proliferation of Rasless cells expressing shp53-A (Fig. 4 A and B) . Likewise, Hsp53-6P-NT/4P-CT (C-terminal region), another p53 mutant in which four additional Ser residues located at the carboxyl terminus were disabled, also prevented proliferation of Rasless/shp53-A cells. These results indicate that p53 inhibition by Ras signaling does not require phosphorylating events. Next, we explored whether p53 acetylations may play a role in cell cycle arrest. A mutant Hsp53 protein lacking six acetylation sites at its carboxyl terminus (Hsp53-6KR) retained the ability to induce cell cycle arrest (Fig. 4 A and B) . However, mutation of two additional lysine residues located in the DNA binding domain (Hsp53-K120/K164/6KR) and previously shown to impair transactivation of cell cycle and apoptosis target genes (18) , failed to induce cell cycle arrest in Rasless/shp53-A cells (Fig. 4 A  and B) . Further genetic analysis revealed that only mutation of the K164 residue completely abolished the ability of Hsp53 to induce cell cycle arrest in the absence of Ras proteins. These results indicate that K164 acetylation is critical for the induction of cell cycle arrest in the absence of Ras proteins. Indeed, mass spectrometric analysis of murine p53 expressed in Rasless cells indicates that K162, which functionally may correspond to residue K164 in the Hsp53 ortholog, is acetylated (Fig. 4C) .
Loss of the p53/p21Cip1/Rb Tumor Suppressor Axis Induces Retroactivation of the MAPK Signaling Cascade by a Ras-Independent Mechanism. Cells lacking Erk1 and Erk2 share many features of Rasless cells, including cell cycle arrest in G1 (3, 6) . Indeed, ablation of these kinases in adult mice induced rapid wasting of mice in a fashion highly reminiscent of mice lacking Ras proteins (7) . Hence, we expected that ablation of Erk kinases would also lead to p53-mediated cell cycle arrest. To test this hypothesis, we generated Erkless (Erk1 lox alleles caused transcriptional activation of selected p53 target genes, including Cdkn1a and Gadd45a (Fig. S6B) . Thus, p53 becomes similarly activated in Rasless and Erkless cells, indicating that Ras signals through Erk to prevent p53 activation.
Rasless cells have an inactive Raf/Mek/Erk pathway, as illustrated by the lack of phosphorylation of Mek1/2 and Erk1/2 kinases as well as Elk-1, a transcription factor known to be phosphorylated by the upstream Erk kinases (19) (Fig. 5A) . Indeed, only ectopic expression of WT (3), but not of a kinase-dead isoform of Erk2 (Erk2 K52R ), could restore their proliferation. Moreover, ablation of Ras protein expression in K-Raslox cells led to the down-regulation of eight transcriptional targets recently identified as part of a highly specific gene signature induced by active Raf/Mek/Erk signaling (20) (Fig. 5B) . Surprisingly, knockdown of p53 or p21Cip1 in Rasless cells caused activation of the Raf/Mek/Erk signaling pathway, as determined by increased phosphorylation of the Mek and Erk kinases despite the absence of Ras protein expression (Fig. 5 A and B) . Similar results were obtained after inhibition of Rb through ectopic expression of the SV40T121 oncoprotein (Fig. 5 A and B) . To determine the biological significance of these observations, we interrogated by genetic means whether these activated kinases play a role in cell proliferation in the absence of Ras proteins. Erklox cells expressing or lacking p53 or p21Cip proteins were infected with adenoviral vectors expressing a control GFP protein (Erklox cells) or the Cre recombinase to generate Erkless cells (Fig. S6C) . As illustrated in 
Discussion
The results described here provide genetic evidence for a central role of p53 in Ras mitogenic signaling (Fig. 6) . Loss of Ras protein expression causes widespread transcriptional activation of p53, similar to that observed in other experimental settings, such as low glucose or low serum (22, 23) . Therefore, it seems plausible that lack of mitogenic signaling, as previously observed under different nutritional deprivation conditions, causes p53 activation, leading to reversible cell cycle arrest through increased transcription of p21Cip1 (24) (25) (26) .
The p53-induced cell cycle arrest in the absence of Ras proteins appears to be mediated by acetylation events. Indeed, we observed increased acetylation of p53 in cells lacking the three Ras loci. Studies involving inactivation of cell proliferation in Rasless cells devoid of endogenous p53 by expressing various mutants of Hsp53 revealed that mutation of a single lysine residue, K164, was sufficient to render Hsp53 incapable of blocking cell cycle progression. Previous work has shown that mutation in K164 decreased the induction of p21Cip1 by p53 in human cells (27) , thus suggesting that K164 acetylation is required for efficient transcriptional activation of p21Cip1. Additional insights from a recently generated mouse strain further support this hypothesis. Whereas mutation of K117 was shown to impede activation of apoptotic target genes selectively, additional mutations in K161/K162 (mouse homologs of the Hsp53 K164 residue) also restricted activation of cell cycle-related target genes, including p21Cip1 (18) . Taken together, these observations indicate that acetylation of p53 in K161/162 (K164 in Hsp53) residues is a central node in controlling Ras mitogenic signaling.
Perhaps most importantly, our data reveal that the components of the Raf/Mek/Erk signaling cascade (the Raf, Mek, and Erk kinases) become activated in the absence of Ras proteins upon inactivation of the p53/p21Cip1/Rb axis. Moreover, unlike Ras proteins, they are absolutely required for cell proliferation in this scenario. These observations predict the existence of a feedback loop controlled by the p53/p21Cip1/Rb axis that directly activates either the Raf/Mek/Erk cascade or a putative upstream effector other than Ras. Previous studies have shown that combined loss of the E2f1, E2f2, and E2f3 transcription factors caused p53-dependent p21Cip1 induction and cell cycle arrest (28) . Moreover, ablation of p53 allowed proliferation of MEFs lacking E2f1, E2f2, and E2f3 (29, 30) . These observations suggest that the E2F transcription factors might play a role in initiating such a feedback loop. Finally, an interesting issue raised by our observations is whether this feedback loop may also exist in Ras-transformed cells. If this were the case, nonselective targeting of Ras proteins in tumors addicted to Ras oncogenes that harbor mutations in the p53/p21Cip1/Rb tumor suppressor axis might not have the expected therapeutic effect due to the feedback mechanisms described here that can activate the Raf/Mek/Erk pathway in a Ras-independent manner. ;c-Raf lox/lox MEFs, respectively, were infected with Adeno-Cre particles (multiplicity of infection = 100) and seeded for colony formation 48 h later. Adeno-GFP particles were used as negative controls. Doxorubicin (Sigma-Aldrich) was used at a concentration of 5 μg/mL. The Mek1/2 kinase inhibitor PD0325901 was used at a concentration of 0.4 μM.
Live-Cell Imaging. For live-cell imaging, we transfected K-Raslox MEFs with FUCCI reporter constructs (31) . Cells were grown on 35-mm glass-bottomed culture dishes (MatTek) and cultured in DMEM without Phenol Red (Invitrogen), supplemented with 10% (vol/vol) FBS. Images were acquired using a DeltaVision RT microscope (Stress Photonics) or a Leica DMI6000B fluorescence microscope (Leica Microsystems) and analyzed with MetaMorph software (Molecular Devices) or Leica Application Suite Advanced Fluorescence, version 2.0.2 (Leica Microsystems), respectively. For longterm imaging, microscopes were coupled to a CO 2 and temperaturecontrolled incubation chamber.
qRT-PCR Analysis. To analyze samples by qRT-PCR analysis, RNA was extracted using TRIzol (Life Technologies), and 1 μg of total RNA was reversetranscribed using Super Script II Reverse Transcriptase (Invitrogen) and random primers (Invitrogen) following the manufacturer's instructions. The qRT-PCR assays were performed with a FAST7500 Real-Time PCR System using Power SYBR Green PCR Master Mix (Applied Biosystems). Calculations for the values were made using the comparative threshold cycle (ΔΔCt) method (32) . β-Actin was used for normalization. A complete list of primer sequences is provided in Table S1 .
shRNAs. shRNAs sequences used in this study are listed in Table S2 .
Statistical Analysis. All statistical analyses were performed using an unpaired Student t test. P values <0.05 were considered to be statistically significant (*P < 0.05; **P < 0.01; ***P < 0.001).
